Markers of a heavy increase in training were examined in ten highly trained distance runners (mean(s.d.) age 29.8(1.7) years, maximal oxygen intake 65.3 ml kg-minu-, personal best 10-km time 31 min 4s) who undertook a deliberate 38% increment of training over a 3-week period. Their running performance did not improve, and six of the ten subjects developed sustained fatigue, suggesting that training was excessive, although the full clinical picture of overtraining did not develop. The Profile of Mood States was the best single marker of disturbed function, indicating increased fatigue and decreased vigour. There were no useful changes of resting heart rate or perceived exertion during submaximal running, sleep was undisturbed, and there were no orthopaedic injuries. Two subjects developed rhinoviral infections following the heavy training, and a third complained of symptoms that were diagnosed 2 weeks later as exercise-induced asthma. The increase of serum cortisol normally induced by 30 min of submaximal exercise was no longer seen when the same acute exercise was performed after heavy training. Resting lymphocyte proliferation tended to increase in response to phytohaematoglutinin (PHA) and concanavalin A (Con A), the ratio of helper to suppressor cells (H/S) decreased, and pokeweed mitogen induced smaller increases in IgG and IgM synthesis. Whereas before heavy training, PHAstimulated lymphocyte proliferation was unchanged by 30 min of acute submaximal exercise, after 3 weeks of heavy training the same bout of exercise caused an 18% suppression of proliferation. Likewise, heavy training brought about a decrease of T-lymphocytes in response to acute submaximal exercise, but an abolition of the acute exercise-induced decrease in the HIS ratio. The previously observed exercise-induced decrease of IgG synthesis did not occur when the same acute bout of exercise was performed after heavy training. We conclude that such minor and transient changes of immune function may possibly be a warning that training is becoming excessive, but they have only a limited significance for overall immune function. 
Profile of Mood States was the best single marker of disturbed function, indicating increased fatigue and decreased vigour. There were no useful changes of resting heart rate or perceived exertion during submaximal running, sleep was undisturbed, and there were no orthopaedic injuries. Two subjects developed rhinoviral infections following the heavy training, and a third complained of symptoms that were diagnosed 2 weeks later as exercise-induced asthma. The increase of serum cortisol normally induced by 30 min of submaximal exercise was no longer seen when the same acute exercise was performed after heavy training. Resting lymphocyte proliferation tended to increase in response to phytohaematoglutinin (PHA) and concanavalin A (Con A), the ratio of helper to suppressor cells (H/S) decreased, and pokeweed mitogen induced smaller increases in IgG and IgM synthesis. Whereas before heavy training, PHAstimulated lymphocyte proliferation was unchanged by 30 min of acute submaximal exercise, after 3 weeks of heavy training the same bout of exercise caused an 18% suppression of proliferation. Likewise, heavy training brought about a decrease of T-lymphocytes in response to acute submaximal exercise, but an abolition of the acute exercise-induced decrease in the HIS ratio. The previously observed exercise-induced decrease of IgG synthesis did not occur when the same acute bout of exercise was performed after heavy training. We conclude that such minor and transient changes of immune function may possibly be a warning that training is becoming excessive, but they have only a limited significance for overall immune function.
Keywords: Heavy endurance training, staleness, stress reactions, overtraining, immune system, immune function, immunoglobulins, lymphocyte proliferation, helper/ suppressor cell ratios, cortisol, creatine kinase Athletic coaches are all too familiar with the situation of excessive training, characterized by a long-lasting fatigue and worsening of competitive performance with further attempts to improve physical condition'. The phenomenon has been described, more 
Maximal oxygen intake determinations
Subjects were tested by a progressive treadmill run to exhaustion. After a 3-min warm-up (9.6kmh-1, 0% slope), the treadmill speed was increased to a steady 14 .5 km h-1, with a 2% increase of slope every 2 min. Expired gas was collected and analysed using a Beckman Metabolic Cart (Beckman Instruments, Malton, Ontario, Canada). The heart rate (CM5 electrode placement) was recorded during the final 10 s of each test minute.
Three criteria were used in gauging maximal effort: a plateau of oxygen consumption to within 2 ml kg-' min-' with a further increase of work rate; a respiratory gas exchange ratio of 1.15; and a plateauing of heart rate with further increase of work-rate.
Submaximal exercise bout
The treadmill was set at 0% slope, and a speed judged to elicit 80% of the treadmill maximal oxygen intake17. Expired gas was collected and analysed throughout, and heart rate was recorded every second minute. Perceived exertion was rated in the final minute of exercise, using the ten-point scale of
Borg18. 
Modification of training plan
Each runner was consulted individually to establish a schedule of heavy training that could be sustained for the 3-week experimental period without incurring gross orthopaedic injuries. In most cases, subjects elected to increase both the intensity of exercise and the weekly running distance, but subjects 4 and 7 restricted themselves to an increase of training distance ( Table 1) . The consensus of the group was that they could sustain a 25% increment of training volume throughout the 3 weeks. In fact, the activity questionnaires showed that the weekly distance had been increased 4564 (996) 38 (24) by 35%, and since most subjects also had some increase of speed over the same route, the estimated training volume was increased by an average of 38% On average, the heavy training did not lead to any gains of maximal aerobic power (Table 2 ). In all except three subjects, the difference of maximal oxygen intake between the two visits was less than 5%. The largest decrease of 5.9% was seen in a subject who was highly fatigued (subject 4), whereas the largest increase of 8.2% was seen in a subject who ran his personal best time on day 11 of the heavy training schedule. The decrease of peak heart rate, although small, approached statistical significance, being shown by nine of the ten subjects.
There was little difference in the oxygen cost of running during the acute bout of submaximal exercise among visits 2, 3 and 5 (Table 3) , although there was a small but statistically significant decrease of the heart rate response to the acute bout of exercise immediately following the period of heavy training. (Table 4) were quite high at all three visits (2, 3 and 4) . Resting values tended to be higher after heavy training and a little lower after resumption of baseline training but these differences were not statistically significant. At the first laboratory visit, the acute bout of submaximal treadmill exercise led to a small increase of serum cortisol (P < 0.05). However, submaximal exercise no longer caused a significant increase after heavy training. Complete datasets were only available on seven of the ten subjects. In these individuals, the cortisol response to the acute bout of exercise at visit 3 was similar to that seen at visit 1, although because of the small sample size the visit 3 response was not statistically significant Serum creatine kinase levels The resting creatine kinase (CK) levels were high in all three training conditions ( Table 5 ). The submaximal treadmill challenge led to a further increase of CK at all three laboratory visits. Datasets were complete for only nine subjects, the increments immediately after exercise being 25, 27 and 20 units -1 respectively for the three experimental conditions. Two of three subjects who did not show an acute exercise CK response began the experiment with particularly high resting CK values (277 and 293 units 1-1 respectively, relative to anticipated normal ceilings of 100 units I1-). Table 6 . Effects of acute 30-min bout of exercise at 80% of maximal oxygen intake upon mitogen-induced peripheral blood mononuclear cell proliferation. Data for phytohaemagglutinin (PHA) and concanavalin A (Con-A), expressed as a percentage change of scintillation count rate, after 3 weeks of normal training (B1), 3 Immediately after the 3 weeks of heavy training, the resting blood samples showed increased cell proliferation (+24.6% for PHA, +32.2% for Con-A), the latter change being statistically significant (P < 0.05). However, relative to the new resting values, the submaximal test exercise induced a small but statistically significant reduction in response to PHA, with a similar but statistically insignificant trend for Con-A (Table 6 ). Resting responses remained higher than initial values after 3 weeks of return to baseline training (for PHA, P = 0.034, for Con-A, P = 0.024), but as initially, the average response to the mitogens was unchanged by the test bout of acute submaximal exercise.
Lymphocyte populations
Three primary categories of lymphocyte are recognized, T cells, B cells and null cells. A combination of monodonal antibodies and flow cytometry allows differentiation of these various cell types, and of subpopulations of T cells.
Both T and B lymphocyte percentages tended to decrease 5min after exercise, with recovery 30 min after exercise, these changes being most marked immediately after heavy training (see Table 7 for statistically significant changes). Table 7 . Effects of an acute 30-min bout of exercise at 80% of maximal oxygen intake upon lymphocyte populations after 3 weeks of normal training, 3 weeks of heavy training, and 3 weeks of repeated baseline training. Data collected before exercise bout (Pre), and at 5 min (+5) and 30 min (+30) after exercise The resting percentage of helper cells tended to diminish after heavy training, and their number was further decreased after return to baseline training (see Table 8 for statistically significant changes). In contrast, the resting percentage of suppressor cells was increased after heavy training, with corresponding changes in the helper:suppressor cell ratio. Under all three conditions, the helper:suppressor cell ratio tended to diminish 5 min after exercise, with a full recovery or even an overshoot 30 min after exercise (Table 8) .
Mitogen-induced immunoglobulin synthesis Pokeweed mitogen is a known activator of both T and B cells, and is thus commonly used to assess the synthesis of immunoglobulins by the B cells24. Table 9 . Effect of an acute 30-min bout of exercise at 80% of maximal oxygen intake upon pokeweed mitogen-induced IgG synthesis immediately after 3 weeks of normal training, after 3 weeks of heavy training, and after 3 weeks of return to baseline training. Concentrations in ng ml-'. Data Means with the same leter prefix do not differ significantly from Resting data showed a trend to decreased IgG production at the end of heavy training, with an increment over the 3-week return to baseline training (see Table 9 for statistically significant changes). The submaximal test exercise tended to increase IgG production at the initial visit. After the period of heavy training, the increment of IgG synthesis was delayed until 30 min after the test exercise, whereas data after the 3-week recovery period showed little effect of the acute submaximal test exercise.
Resting IgM synthesis was greater after the 3-week recovery period than either initially (P < 0.03) or after the period of heavy training (P < 0.01). Exerciseinduced changes in IgM synthesis (see Table 10 for statistically significant changes) followed a somewhat similar pattern to that seen with IgG. After the period of heavy training, production was increased 30 min after the test exercise, but there was little response to the test exercise after the 3-week recovery period.
Discussion
Evidence of excessive training Ethical limitations constrained the increase of training that our investigation was able to encourage -3 weeks of exercise to self-selected perceived tolerance levels is not a long period of heavy training. Moreover, subjects did not face the added stress of major competition, and they had the option of tapering or ceasing the activity if fatigued. None of the subjects was clinically ill, and in most the peak aerobic power was unchanged. They cannot thus be considered as pathologically 'over-trained'. Nevertheless, the sudden and sustained 38% increase of training volume was substantial for a group of athletes who were already running 70-100 km week-', and the symptoms reported by six of the ten participants suggest that the majority of our sample had indeed reached or was dose to the threshold of excessive training which most coaches would like to detect. The development of respiratory symptoms in three of the ten subjects is a further indication that training was ratings of perceived exertion, the absence of clinical injuries and the minor nature of changes in serum creatine kinase all confirm that the crest of performance had not been greatly surpassed.
Traditional indicators' were not particularly helpful in assessing whether the training was excessive, perhaps in part because of limitations in these markers, and in part because the subjects realized that the heavy training was at their own volition and was not threatening their competitive performance.
The resting heart rate3 showed a suspicion of some increase, but even if tachycardia is accepted as a valid index, it would be hard to base recommendations to moderate training upon a 2 beats min-' increment in an individual's waking heart rate. Likewise, sleep patterns showed no obvious disturbance with heavy training. Some inference of increased stress might be drawn from the increase of resting cortisol levels after the 3 weeks of heavy training, and the decreased cortisol response to an acute bout of submaximal exercise might suggest that such training had surpassed the optimal or eu-stress level25. Barron In keeping with these latter reports, our data suggest that adverse responses are unlikely when subjects continue the pattern of activity to which they are habituated. Furthermore, well-trained individuals such as our sample of distance runners can apparently tolerate a sudden, sustained and substantial increase over their normal pattern of training with only minor, transient and largely subclinical disturbances of immune function. In our experiments, resting immune function was apparently normalized within 3 weeks of a return to the pattern of habitual training, and even at the peak of the heavy training episode, most of the adverse reactions to an acute submaximal exercise challenge disappeared within 30 min of ceasing exercise.
The development of respiratory symptoms in three of the ten subjects may reflect a transient increase of susceptibility to viral infections, of the type previously postulated in athletes6-9 12, but, in apparent contrast to some earlier studies of less well-trained populations'-', the average decrease in helper:suppressor cell ratio at no stage dropped to the critical level of 1.5 where the response to polyclonal T cell mitogens is impaired.
Conclusions
We conclude that well-trained distance runners can increase their habitual training plan by a substantial margin of around 40% without developing symptoms and signs of 'overtraining'. In agreement with earlier reports, resting pulse rate, sleep patterns and hormonal changes do not provide a useful early warning that the peak of performance has been passed, but the POMS does show a consistent pattern of loss of vigour and fatigue during heavy training. Sophisticated tests of immune function show that heavy training induces some small, transient disturbances both at rest and during acute bouts of vigorous submaximal exercise, but the required measurements are time-consuming and costly. Moreover, although the observed changes of immune response seem to indicate that training is becoming excessive, they are likely to have only a minor influence on overall immune function.
